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Disclaimer & Acknowledgements

 Disclaimer

— Cannot show or explain every neutrino detector. This will be a
selection of detectors and their principles.

— Will try to convey principles and important considerations in
detector design and neutrino measurements.

- Acknowledgements

— slides and information from talks given at NNSS2009,
NuFact2010, Neutrino 2010, WIN11, NeuTEL 2011, and TIPP2011
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A World of Neutrino Detectors
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Neutrino physics - problems and methods
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Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

Neutrinos from the Sun <20 MeV
depending of their origin.

Atmospheric neutrinos ~ GeV

Antineutrinos from nuclear
reactors < 10.0 MeV




Neutrino Energy Spectrum

double-beta decay
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Neutrino Detector Spectrum

Accelerator

Energy < Volume

100 MeV | GeV eV | TeV 10 TeV ANIT, Al EeV
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Neutrino Detector Spectrum

from the very small to the very big

energy - volume A ‘
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Historical Perspective:
Lessons from the Pioneers
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First Proposal For Direct Detection of Neutrino

\ Nuclear
exploswe
Flreball

s Buried signal line
30m — for triggering release
| |

Back fill— Vacuum
pump
Suspended »
detector Vacuum Need an intense
ine source of neutrinos
Vacuum ——
tank

Feathers and
foam rubber
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First Antineutrino Detector

Reines and Cowan 1956
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Observation of the Free Antineutrino

1959 The Savannah River Detector - A new design

Backgrounds!

Second version of Reines’
experiment worked!
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Reines-Cowan Experiment

coincidence event signature
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Fermi’s Theory of Beta Decay n
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LA RICERCA SCIENTIFICA

ED IL PROCAESSO TECKICO NELL' ECONOMIA NAZIONALE

Gg = Fermi coupling constant = (1.16637 +0.00001)x10~> GeV >

Tentativo di una teoria dell emissione

dei raggi “beta”
ol ENKICO FERMI

Fermi’s theory still stands (parity violation added in the 50s).
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Fermi’s ldea for Measuring m,

Karsten Heeger, Univ. of Wisconsin
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Beta Decay

imaging events

Karsten Heeger, Univ. of Wisconsin

Fig. 1.2. Cloud chamber pxcture of the decay of He® (Csikar er al. [1958)).

6He— 6Li+e + v

FNAL, February 16, 2012



Neutrinos from Accelerators

High energy v from accelerators to study weak interactions

M. Schwartz, Phys. Rev. Lett. 4 (1960) 306

v’s from 7 and K decays
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Discovery of Muon Neutrino

1962
Vu + p > n+ U
V. + n =2 p+ H
Lederman, Schwartz, Steinberger
proton
beam target proton accelerator 7 Vs — d—
R Vi Vi W Y R
: P spark chamber
-meson .
¥ beam gy o with Al plates
)\ ] n )
et .
------- A B~
---- e
\Q SNy
‘e \.'-

concrete | 104 VM andVM |

« produce nice tracks as they go through the
chamber (29 events) v,

e produce showers as they cross Al (0 events) S



Neutral Current Discovery (1973)

“>

S Abb. 15: Ein Kandidat fiir die Reaktion (vn + wnr®).
Im Gegensatz zum Normalfall wird das Neutron
durch inelastische Reaktion strahlabwérts

Gargamelle bubble chamber at CERN showing
how an invisible neutrino has jogged an electron

v-exposure  v-exposure
No. of neutral-current candidates 102 64
No. of charged-current candidates 428 148



351 HADRONS

Number of Active Neutrinos

30[

Precision studies of Z-line shape, determine 255
number of active light neutrinos

Each separate (v,), adds to total Z-width. 5}
< Liny (Ff ) 0
Z°—qgq,ll N, = . :
7 © Ty \Iu /gn °

From LEP, one finds:
N =2.984 +0.008

which argues strongly for only having 3 generations

getor® Ve

Big bang nucleosynthesis gives a constraint on the effective number of light
neutrinos at T~ 1 MeV:

12<N °f<3.3 [99% CL]

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 23



Search for tau Neutrino

Discovery of t lepton at SLAC (Martin Pearl, 1975)
— there should be a corresponding neutrino.

In 1989, indirect evidence for the existence of v_in measurement of Z-width
— no one had directly observed the tau neutrino.

The tau neutrino interact and form a tau that has an 18% probability
of decaying to

- a muon and two neutrinos (long event)

- an electron and two neutrinos (short event)

. —eee¥ v, CC— 18% BF
86% of all tau decays involve iy s

only 1 charged particle (a kink) % - muon — long event
Rp——— -Y e

which is the particle physicists v, CC — 18% BF

are looking for in DONUT = o
experiment event

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 24



Discovery of tau Neutrino

2000 Experimental Challenges:
- Very short lifetime of the .
An 800 GeV beam of protons from the - V. is extremely non-interacting
TeVatron collides with a block of (detector must have a very fine resolution).
tungsten
Beam of Tungsten | Tau Magnets | Shielding Neutrino  To DONUT Detecting a Tt Neutrino
high-energy block neutrinos beam detector
protons and other I =
particles | /
v ! ‘ .. | Iox . P I ()
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. oi o e o ’ i
uo - o:: - oonon v _,_--"’---’—
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T s
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‘ Remove all particles but neutrinos ' T decay T

D, decay into T and v_ neutrino
Di—=V_+T

S

T—>V_+X 4 clean tau events 25

6,000,000 candidate events on tape
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charged particle, the electron, and the
decay vertex occurs several sheets
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vertex.
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emulsion layer.
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“Standard Model” Neutrino Physics

1914
1930

1933

1956
1962

1973
1983
1989

2002

Electron Spectrum in 3 decay is continuous

Pauli postulates that a new particle is emitted

Fermi names the new particle neutrino and
introduces four-fermion interaction

Reines and Cowan discover the neutrino

At least two neutrinos: v, = v,

Discovery of neutral currents at CERN
Discovery of the W and Z
Measurement of Z width at CERN — N =3

tau neutrino discovered.

27



Production Thresholds and v Source energies

Veseanannss >0
=g*

l=e m,=0.511 MeV Pipresh = 0.511 MeV
l=p my, =106 MeV  Pyresh = 112 MeV
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double-beta decay s

0 < atmospheric neutrinos >
nuclear reactors extra galactic source@
beta beams?

super-novas neutrino factories?
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Neutrinos Properties

Neutrinos in the Standard Model

* point-like

* No charge

- 3v flavors

- massless v (ad hoc assumption in Standard Model)
- upper limits on m, from kinematic studies.

- weak and gravitational interactions

Discovery of v, and v

. Accelerator studies of v
neutrinos as a

clean probe

350 HADRONS

1 L 1 I 1 1 1
88 89 90 91 92 93 94 95 96
ENERGY (GeV)
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Neutrinos Properties

Neutrinos in the Standard Model

* pointlike

* No charge

- 3v flavors

- massless v (ad hoc assumption in Standard Model)
- upper limits on m, from kinematic studies.

- weak and gravitational interactions

probing neutrinos = probing new physics beyond SM

Beyond the Standard Model [®==— " . » p /: e
- number of mass states? % > SN
- Dirac vs Majorana mass? 1 % . AN,
* magnetic moment? — \ 6. ‘
* mixing parameters — Loy AN\
- CP violation? vzl

cosf,, 0 e sinf,,

0 1 0
—e " sinf, 0 cosb,,

J

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 30



Neutrinos as a Probe — Probing Neutrinos



Neutrinos as a Probe

Understanding Matter and Interactions with Neutrinos

C A « Reines-Cowan v discovery
= and the BNL 2v experiment
R fundamental v properties

1950 ¢ 1960 1970 1980 1990

| s | | 1 [T

L% :
7 estructure functions (F,. F3)

23 eparton universality
|/ +clectroweak studies sin3(8w)
| *strange sea studies
*QCD measurements
(38 *Cross sections

shadronic weak currents
sobservation of

neutral currents :
*Cross sections - —

Bubble Chambers: counter experiments: :

BNL, ANL, FNAL, CDHS, CHARM Neutrinos as probes

CERN, Serpukhov CCFR, NuTEV to understand matter
and interactions

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 32



Neutrinos as a Probe

Understanding Astrophysics

1950 ‘ 1960 1970

1980

Karsten Heeger, Univ. of Wisconsin

solar neutrinos SN1987A

observation of astrophysical
neutrinos

FNAL, February 16, 2012
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Probing Neutrinos

Neutrino Masses and Mixing, Non-Standard Effects

searches for neutrino
oscillation with intense
sources of Ve, Ve, Vy, ...

4

1950 ‘ 1960 1970 1980 1990 2000

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 34



Experimental Challenges:

Cross-Sections
Detector Segmentation and Backgrounds



First Neutrino Cross-Section Calculation

1934 Bethe-Peirls: calculation of first cross-section for inverse beta
V.+p—on+e O vy, +n— p+e  using Fermitheory
c=5x10* cm?® for E({V)=2MeV Accurate to factor 2

+

e
Conversion from natural units:  fic =197.3 MeV - fm

Cross-section: multiply by (7¢)* =0.3894x107" GeV * - cm”

A=—1 ~15x10% cm=1600 light — years

w Mean free path of antineutrino in water:

no ¢ ¢ N
num. Iréc protons
_ n= : =2—%p
% p volume A
. D) 023
Inwater: , _ 2% 6]>8< L 6.7x10% cm™

o Probability of interaction:
£} L » .
P=1- exp(— —) ~—=6.7x10" (m water)™
&) A
Need very intense source of antineutrinos to detect inverse beta reaction.

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 36



Neutrino Cross Section is Small

Weak interactions are weak because of the massive W and Z boson

exchange
oweak o GF2 x (1/MW or 2)4 My, ~ 80 GeV
5 ) M, ~91 GeV
G, = V2 8w ) _ 1 166x10 /Gel? (g, ~0.7)
8§ \ My ]

For 100 GeV neutrinos:  o(ve)~10-40
o(vp)~10-36 cm?2
o(pp)~10-26 cm?2

Mean free path length in steel ~3x10°m
— Need big detectors and lots of v’s

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012



Energy dependence

galactic or
extra-galactic

10 MeV 50 MeV 100 MeV 1GevV 100GeV TeV

» target description is different depending on the v energy




Energy dependence

galactic or
extra-galactic

10 MeV 50 MeV 100 MeV 1GeV 100 GeV TeV

» also, treatment of nuclear effects is energy dependent ...

Shell Model. .....causia > Impulse ... > quark parton
RPA, EFT approximation model

(Fermi Gas, spectral functions, etc.)




Energy Dependence of Neutrino Interactions

Searching for new effects (Coherent v-A scattering)

|_Recoil energy for different materials |

10* [
|Recoll energy
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10° \ !
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Understanding neutrino
oscillations and cross-
sections

Karsten Heeger, Univ. of Wisconsin

Coherent V-A elastic 0 ~103? cm?

Max Energy of recoil nucleus ~ 2E,? /M
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Detector Segmentation

Detectors are often homogeneous due to large
size requirement

Geometries

— Segmented (sampling): Instrumented in small
volumes. Target may not be the active detector
element. Becr

Target - Calorimeter
(Iron- Scintillator - Drift Cha

— Unsegmented (fully active): Volume instrumented
as a whole.Target is active detector element

Background Suppression

— Passive shielding from cosmic rays at ~200Hz/m:
on surface

- segmented may be OK on surface

* unsegmented go underground
— Time correlation with neutrino source (e.g. beam)
— Active background discrimination

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 41



Detectors in Neutrino Physics:

Detection Channels
Particle Signatures



Neutrino Detection and Particle Signatures

Detect particles when neutrinos interact with nuclei or electrons bound to

nuclei
Neutral Current (NC)

whadrons

Elastic Scattering (ES)

©

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, :

Charged Current (CC)

s




Neutrino Detection and Particle Signatures

Elastic Scattering (ES)

< \/e/ 3 \/ 3
W | 7

Cross-sections for nucleons turn off below 200 MeV. At low energies we can use
target containing free nucleons, or neutrino-electron elastic scattering.

Elastic Scattering

- electron sent primarily in forward direction

- energy of electron ~ uniformly distributed between 0 and Ey
- occ/onc ~ 1/6

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 44



Neutrino Detection and Particle Signatures

Charged Current (NC) and Neutral Current (NC)

%

I__J /

>'.‘\\\‘\\

\ hadrons A

&/
<t

\(b‘vr
S/
&/
N

\\
adrons

N

-

Karsten Heeger, Univ. of Wisconsin

whadrons

Charged Current

- outgoing lepton tags incoming v flavor
- nearly all v energy is deposited in the
detector

- rates affected by (active) neutrino
oscillations

Neutral Current

- only hadrons present, no information
on incident neutrino flavor

- NC rates not affected by oscillation

- in many cases NC events are
background to the CC processes

FNAL, February 16, 2012 45



ab/dx [ MIP |

Neutrino Detection and Particle Signatures

(minimum ionizing)

all electrormagnetic

oS\
8 /4

hadron

v N, hadronic shower

o n,hadrons with and neutrons
onizationloss — glectromagnetic showers  hadronic showers
- K lp ]
| | - -
[ ]'.‘ "II‘ ] 015 v 1 rrrr | UL L SR A== 5 [ ) . .
£ L H1 : : sy mo - §|m|Iar to EM shower but
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ool fo TV N 1., : tophotons, which the proceed
el e R N | F electromagnetically
: : N - neutrons may be made in
E 00008 L 11 1 P I | ! “"‘-*ﬂu . .
TN, SO . shower which show no visible
1 ¢ = depth in radiation lengths
10 1 p [GeV1]D longitudinal depth energy

dE/dx from Bethe Bloch e- will create Bremsstrahlung, e*e-
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Neutrino Detection and Particle Signatures

Cherenkov ng ht Cerenkov

radiation

electron neutrino Cerenkov Light cone

electron e

E \ ‘)e' \’".ll H’
/ Muon

Muon

—>» \\ neutrino
Deuteron protons Ve
. Electron Electr':-r;-'"""-a._
Cerenkov Light neutrino shower
neutrino electron

J—=>
electron \ v

neutrino shielded and optically
transparent medium

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012
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The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
ring in the photomultiplier
detector bank,

The Cerenkov radiation

9 s
%, from the electron shower

| " produced by an electron
neutrino event produces
|.' multiple cones and

I therefore a diffuse ring

J in the detector array.
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Neutrino Detection and Particle Signatures

Bolometric Signal

Heat sink:

Cu structure (8-10 mK)
Thermal coupling:
Teflon (G = 4 pW/mK)
Thermometer:

f NTD Ge-thermistor

TeO, Bolometer: Source = Detector

ForE=1MeV: AT=E/C=0.1mK

Signal size: 1 mV
voltage signal < energy deposited

Time constant: t=C/G=0.5s
Energy resolution: ~ 5-10 keV at 2.5 MeV

Karsten Heeger, Univ. of Wisconsin FNAL, Febr

| \(dR/dT = 100 kQ/uK)
Absorber:

deposited energy €0, crystal

Single pulse example

Bas ——

2000 3000 4000

Time (ms) 48




Neutrino Detection and Physics Goals

* Neutrino Oscillation Measurement

— identify flavor of neutrino
* unique flavor channels (e.g. SNO)
- lepton identification (e.g. accelerator)

— measure energy

« Neutrino Interaction Measurement
— measure different interaction channels
— measure total energy of events (all final states)
— identify neutrino vs antineutrinos
— initial and final nucleus (for nuclear effects)

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012
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Detectors in Neutrino Physics:
Present and Future
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Neutrino Detection in SNO

Neutrino Interactions on Deuterium and their Flavor Sensitivity

Charged-Current (CC)
V+d — e+p+p
Eiesn = 1.4 MeV

Measurement of energy spectrum

Neutral-Current (NC)
v +d = v +N+p
Eiesn = 2.2 MeV

Measures total 8B flux from Sun

vV, s samrt
b I
neutrino deuteron
-——-_\ ’.,"
. \ n p )
LG
neutrino deuteron

Elastic Scattering (ES)
v, +e — v +e

Ve
e o

neutrino

sensitivity to all neutrino flavors

Karsten Heeger, Univ. of Wisconsin

FNAL, February 16, 2012
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Neutrino Detection in SNO

Neutral —lastid Charged
Current (NC) Scattering (ES) Current (CC) R
2.0 » : BSOS o0
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Super-Kamiokande

atmospheric neutrinos

Super-Kamiokande

Expected Angular charge distribution
for 725 MoV muon
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Super-Kamiokande

atmospheric neutrinos
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Super-Kamiokande

atmospheric neutrinos
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Super-Kamiokande

solar neutrinos
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MiniBoone

total volume: 800 tons (6 m radius)

fiducial volume: 445 tons (5m radius) LI
1280 PMTs 1n detector at 5.5 m radius il dian o
10% photocathode coverage
240 PMTs 1n veto , | : «vou

b L] S & 85 5 8RR RN

») « 5 o 9 8 v oennd
S 5 ¢ o 8 B RN
n
LR B ]
‘-... -]

electronring L ring

Events courtesy G. Zeller

Cherenkov events in oil
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A common issue:
photo detection for large water/scintillator/LAr detectors

low cost, single PE, low background,...

 Large area, low
cost MCP

Hermetic TOF Water anode
Cherenkov Detector MCP photodetector

photocathode

- o 3

cherenkov cone \'

charged current Y-

i ; &

interaction vertex b ’/
o * v /le A

\Y e
o ST Ty &
position and time
) Arradiance ALD/Incom MCP Pair Test
Image - UV 2200v Gain Map V

All (cheap) i

glass

Anode is silk-

screened

R&D project by Henry Frisch et al.

Karsten Heeger, Univ. of Wisconsin FNAL, February 1



Reactor Neutrino Experiments bﬂr

Japan’s Nuclear Energy Plants Kal I I LA N D
- L e—

China Waest A
soun K ¢°" e 1
nnnnnnnnnnnnnn wa eplcen
P o R
Wolsang e )
e g
w9 P /:..T Moniu i
» dou'
Genkai®
e o
& inverse beta decay

Vo+p—et+n

Near-Far Concept
Ve x

distance L ~ 1.5 km

multiple detectors cancel systematics

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 60






Sampling detectors for neutrino beams

« Absorber: Pb, Fe, ... T2K near

ECAL TPCs 2

* Sensitive detectors: Emulsion N
Films(OPERA), Plastic(MINOS) and -
Liquid(NOVA) Scintillators, RPC(INO), ... <"

* Near detector issues: hybrid detector
system to monitor neutrino/muon flux & —>
beam profile

OPERA detector 150,000 ECC 1.25kton target Tracker

Pi-zero
~3'100 m.w.e. overburden, ~1 cosmic j1 / m2x hour

Detector

. | =

i iy B 4 [« .:,‘"_‘nm
_'~1~ : ,‘ 'lwf | l““l_“li g

Muon
spectrometer

Target area

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012



Tracking Calorimeters

Karsten Heeger, Univ. of Wisconsin
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Minerva
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Neutrino Detectors

Exp’t v Energy | Detector Technology
(GeV)
MINOS 2-6 Steel Scintillator
MINERvVA | 1-20 Solid Scintillator
OPERA 15-25 Emulsion-Lead
ICARUS 15-25 Liquid Argon TPC
2K 0.7 Water Cerenkov
NOvVA 2 Segmented Scintillator

Karsten Heeger, Univ. of Wisconsin
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LAr TPC Concept

To be applicable to neutrino experiments higher density is required. Use liquid Ar instead
of gas. Has potential to reach very large masses (100 kt) with ~mm granularity.

- Boiling point: 87 K (compare to N2 77 K)

- Density 1.4 g/cc

- Interaction length: 114 cm

- Radiation length: 14 cm

- Moliere radius: 7 cm

Charge yield ~ 6000 electrons/mm used to trigger and sezf to
(~ 1 fC/mm) Charge readout planes: Q UV Scintillation Light: L
N
7/
v
Time : .
- i Light yield ~ 5000 y/mm
./"//
$r

Drift direction

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 66



LAr Detectors

E-field|

Reading N

Reading wire wires | l N
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Run 939 Event 46

LAr Detectors - Lots of Event Information

Courtesy
André
Rubbia

for a single event, see dE/dx

versus momentum (range)

Karsten Heeger, Univ. of Wisconsin

FNAL, February 16, 2012
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Detector Comparison

Technology Choice is a Trade-Off

Detector Largest Event by Event Ideal v
Technology Mass to Identification +/-2 | Energy

Date (kton) v. v, v, Range
LAR TPC 0.6 v 4 Not yet | huge
Water Cerenkov 50 v v <2GeV
Emulsion/Pb/Fe 0.27 4 v v > 5GeV
Scmtillator++ 1 or less v 4 huge
Steel/Scnt. 54 v v > 5GeV

D. Harris

requirements for next-generation detectors
- signal efficiency

- background rejection (NC)

- probe new/other physics

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 69




TPC Experiments

EXO - Search for Ovp in 136Xe

e- e
v v
Presently have 200 kg of 80% enriched '3Xe
136Xe 1368a*+
LXe TPC
~40cm Teflon reflectors
< > Cathode plane (-75 kV)

Field-shaping rings
"0 01

I‘I . l l': (.

\/ = 468 avalanche photo-
Symmetric anode planes diodes (APDs)!
with charge collection X collect scintillation light ~ One half of TPC during

and Y wire grid (ground) assembly

R&D on Barium tagging

Karsten Heeger, Univ. of Wisconsin FNAL, February 16, 2012 70



TPC Experiments

What about a Neutrino Magnetic Moment?

Ve
Magnetic Moment

Ve
Weak Interactions

< 10 n T - e
[ -
;:%2 e magnatic, u,, =10 0H, B
T weak, sin 2 0, = 0.226
o 10 =
2 2 =
do .oomatu, (11
—— = weak int+ . —
10 2| -
o ( v.- e from U235 at a reactor
L [ - — ) ‘
e ' 10 100 107

Karsten Heeger, Univ. of Wisconsin .. Electron Recoil T (MeV)

TN Ny 1 U vy
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TPC Experiments

_ _ Experiment at Nuclear Reactors
Low Electron Recoil Energy Experiment (low energy source of ¥.)

anode cathode
(20 ym) v Sl
j orid— N = 3bar CF, gas
\ot tial N . . _
g r':) / Breae High density, relatively
p'a” 3 /- ~ ~—  low Z, good drifting
. L v \, properties
Time Projection acrylic vessel
Chamber +field shaplng rings
—

.......

L=160cm
®=90cm

Kars
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